Synopsis The fossil record has been an invaluable aid for reconstructing the major events of vertebrate evolution.
Reconstructing the evolutionary past
Protochordates are crucially important to comparative zoologists for the clues they provide concerning the course of early chordate evolution and the nature of ancestral vertebrates. Only two taxa have survived to modern times, cephalochordates (amphioxus) and urochordates (tunicates). Past uncertainty about which of these is closer to vertebrates seems to be resolved in favor of tunicates, which are now considered to be the sister group of vertebrates (Holland 2007) . Establishing the correct branching order among these three lineages is a significant step forward, but there is a still larger problem. This is to determine how, and how much, tunicates and amphioxus have changed in 4500 million years since they first appeared. We otherwise have no way of knowing how much reliance can be placed on either group as models for ancestral chordates. Fossils would help enormously, but the fossil record for protochordates is fragmentary and difficult to interpret (see below), which severely complicates matters.
Consider tunicates: at one time they, or more specifically their larvae, were accepted as good stand-ins for the first motile chordates, which were supposed to have originated by paedomorphosis from the larvae of a sedentary ancestor. This scenario was popularized by Romer (1967) , in conjunction with his concept of vertebrates as ''dual'' animals, in which visceral and somatic functions are segregated to the head and trunk, respectively (Romer 1972) . The basic idea predates Romer's writings; however, the earliest complete exposition being by McMurrich (1912) , for which information I am indebted to Nick Holland. Modern molecular studies have more recently tended to push tunicates from center stage, and it is now difficult to see either the genome (Holland 2007) or the body plan (Lacalli 2005) as other than secondarily quite modified, and thus of limited value as a guide to the ancestral form.
Amphioxus is more conservative in terms of its genome, and a case can be made that it must certainly preserve the ancestral condition more fully than do tunicates, but can one be sure? Consider the origin and evolution of serial repeats in the vertebrate head, the subject of this symposium. There have been various proposals in the past, some based on the arrangement of skeletal structures, others on nerves, muscles, or branchial structures (Gilland and Baker 1993; Kuratani et al. 1997 Kuratani et al. , 1999 Northcutt 2008 ), but without a final resolution. Tunicates and amphioxus provide two very different models for the ancestors of vertebrates. In tunicates, the head and trunk are quite separate, and there is no overlap between serially repeating structures from one to the other. In amphioxus, the head and trunk are more fully integrated, and the somite series extends forward into the head. Does one of these reflect the ancestral condition, or are both secondary specializations? Here, I will look first at the fossil evidence, limited though it is, and then patterns of innervation, for what they may reveal.
The importance of fossils
Fossils are essential for reconstructing evolution, but I suspect we tend to forget how essential. A simple thought experiment will illustrate this. By way of analogy with the situation in protochordates, assume that the living vertebrates comprised assorted species from a small number of diverse groups, as in Fig. 1 , and that everything else was extinct. Assume also that the morphology, development, and molecular biology of the surviving species could be examined as much as you like, but you would have no knowledge of more basal forms, lampreys, and such-like (or, at least, forms you knew to be basal), and no reliable fossils. How easily could you then make a convincing case for even the most basic facts that we know to be true about vertebrate origins, for example, that the first vertebrates were fish-like and aquatic rather than terrestrial or aerial. This would be especially problematic if the only outgroups available among the invertebrates were terrestrial or, like Drosophila, able to fly. For protochordates, the available outgroups are the mostly burrowing hemichordates and the echinoderms. The former are as yet poorly studied and the latter, although well studied, are endlessly puzzling and difficult to interpret in a phylogenetic context. Molecular analysis of the examples in Fig. 1 would probably show fish to be the most derived group, so they would sort out at the base of any molecular tree, but this is no more useful than knowing that larvaceans fall to the base of the tunicates in molecular phylogenies if we do not know why. If it is because they are more divergent in molecular terms than other tunicates, then they may be rather unreliable models for anything ancestral. What about developmental anatomy? Here, one can cite the example of gill slits in amniote embryos as perhaps the most incontrovertible evidence that vertebrates were originally aquatic. But there are always caveats, in this case that gill slits, along with other relicts of our aquatic past, could instead be embryonic adaptations that preadapted non-aquatic ancestors for a secondary invasion of watery habitats. This is a reminder, and an important one in my view, that evolutionary sequences we take for granted as being correct can prove, on closer inspection, to be convincing only because the alternatives are simply untenable in the face of fossil evidence. In the absence of such evidence, there seems no other option but to continue the task of identifying, by whatever means possible, structural or functional features for which it can plausibly be argued that they, like gill slits, are relicts of the evolutionary past. I will return to this point at the end of this essay.
Putative early chordate fossils: problematic but suggestive
There are a number of fossils from the Lower and Middle Cambrian deposits that may be either stemgroup chordates or their close relatives, but it is seldom obvious exactly what they are. A representative selection is shown in Fig. 2 . Vetulicola is a vetulicolian, a group characterized by an enlarged anterior end bearing rows of structures thought to be For example, would it be possible to convince a skeptic that the first vertebrates were aquatic instead of terrestrial or aerial (see the text for some sample counterarguments). These are exactly the limitations we face when trying to determine what basal protochordates were like, since we lack the fossil evidence needed to provide direct and unambiguous factual information.
respiratory openings, i.e., gill slits, behind which is a segmented trunk (reviewed by Aldridge et al. 2007) . Vetulicola is a rather robust animal, probably with a stiffened external covering, while other species in the group are more soft-bodied. Suggested affinities for these peculiar animals range from arthropods, despite the absence of appendages, to basal deuterostomes of a roughly hemichordate level of complexity to early tunicates. Proper tunicates are already present in these same deposits, however , and indeed, all the main chordate groups probably coexisted in the Lower Cambrian, including vertebrates (Shu et al. 1999) . Pikaia, along with the apparently related Cathaymyrus (Shu et al. 1996) , is more overtly chordate-like, with a series of what appear to be muscle bands, suggestive of myotomes, and an anterior head region with lateral projections that could be gills. A definitive analysis of this animal remains to be done, and nonchordate affinities, e.g., with annelids, have been suggested. Nevertheless, Pikaia remains a strong candidate for a basal chordate representing something close to an amphioxus level of organization. Yunnaozoans, represented in Fig. 2 by Haikouella , have a well-defined head region bearing structures that are almost certainly gills. The trunk has a prominent sail-like structure made of repeating elements. Traces of other repeating elements occur along the sides of the trunk, but these do not indicate very clearly how the trunk is organized, e.g., whether it is segmented or not. Interpretations vary as to whether Yunnanozoans are quite advanced animals, i.e., vertebrates or close to them, which is likely if Mallatt and Chen (2003) are correct in their interpretation of eyes, brain and notochord. A position closer to the base of the chordates, perhaps as basal deuterostomes, has also been suggested (Shu 2003) .
The feature of interest in relation to the present symposium is that, all the above have a separate anterior head region bearing 4-6 gill-like structures, while the locomotory elements form a separate series restricted to the trunk. If at least some of these animals are indeed basal chordates or related to them, we would have direct evidence for a separate origin for the repeated elements of the branchial region and trunk, as Romer's somaticovisceral concept requires. The superposition of these two series in amphioxus would then be a secondary and later specialization. It is possible, however, that lumping these animals together as putative ancestral chordates is simply an indication of our preconceptions concerning the latter. Nevertheless, on balance, the fossil evidence is at least consistent with the supposition that vertebrates evolved from animals in which the locomotory apparatus, including somites, was restricted to the trunk. Serial structures in the head would, in such a situation, be entirely associated with visceral functions, including gills and support structures associated with them.
Stretching and compressing the branchio-visceralmotor series: amphioxus versus tunicates
Innervation patterns have frequently been used to clarify the nature and registry of serially repeating structures in the vertebrate head, and for evidence of homology between these and serial repeats in protochordates (Fritzsch and Northcutt 1993; Kuratani et al. 1997) . The ability to identify motoneuron subtypes unambiguously by their gene expression profiles during development has put this type of analysis on a much firmer footing. Of special interest is the recent work on branchio-visceralmotor (bvm) neurons, which characteristically express Phox2b in both vertebrates and tunicates (Dufour et al. 2006; Hirsch et al. 2007) . Amphioxus also has a distinct population of bvm neurons, located in the The intension is to illustrate overall body form, not to provide definitive reconstructions. The key point for present purposes is that all of these forms show a subdivision of the body into an anterior zone bearing 5-6 repeating elements assumed to be gills or related to them, and a trunk region with a separate set of repeating elements probably involved in locomotion. This accords closely with expectation if one accepts the separation of the visceral and locomotory parts of the body as an ancestral trait, as in Romer's somaticovisceral model for the vertebrate body.
ventral midline of the nerve cord at the junctions between somites (Fig. 3) . The series begins at the junction between myotomes 2 and 3, and extends from there through many somites (Wicht and Lacalli 2005) . The branchial and visceral organs are thus innervated from far more of the cord than the 7-8 anterior-most segments that, on the basis of gene expression data, are considered to be the amphioxus homolog of the vertebrate hindbrain. Bvm axons in amphioxus pass out the dorsal nerves, which also carry incoming sensory fibers from epithelial sensory cells. There are no ventral roots in the vertebrate sense. Instead, the somatomotor (sm) neurons, which are ventrolateral in position, innervate the myotome directly across the basal lamina without leaving the confines of the nerve cord. There are both fast and slow fibers in the myotome, and these are innervated by separate subpopulations of sm neurons (Lacalli and Kelly 1999) . In comparison with vertebrates, where the differentiated bvm neurons lie dorsal to sm neurons, the pattern is reversed in amphioxus. However, it is now clear from tracing studies in vertebrate hindbrain that the bvm neuronal precursors lie ventral to the precursors of sm neurons, and only secondarily move to a more dorsal location (Ericson et al. 1997) . There is thus convincing support for homology between bvm neurons in vertebrates and tunicates and, pending molecular confirmation, potentially for amphioxus as well.
In amphioxus, both the pharyngeal slits and the nerve supplying them form an extended series over many somites, and the atrium has a comparable axial extent. This contrasts with the situation in tunicates, in which both the visceral nerves and the branchial structures they innervate are reduced in number and shifted forward. The source of bvm neurons in tunicate larvae, based on Phox2b data, is the narrow ''neck'' of tissue lying between the sensory vesicle and the tail ganglion (Dufour et al. 2006) , and it is from here that the whole of the adult brain develops (Fig. 4) . Patterns of gene expression indicate that the ''neck'' includes a region corresponding roughly to the midbrain-hindbrain boundary (MHB) of vertebrates (Castro et al. 2006; Lacalli 2006) and at least some of the hindbrain, although precisely how much of the latter is currently unresolved (Dufour et al. 2006; Ikuta and Saiga 2007) . There would seem, therefore, to be two alternatives: either the source of visceral fibers in tunicates has shifted forward compared with vertebrates, and now resides in a region that corresponds to the MHB and anterior hindbrain of the latter, or the whole of the hindbrain has been compressed forward in conjunction with a reduction in the number of visceral nerves arising from it. Regardless of which is correct, the development of the pharynx suggests a reason for such changes: initially there are only one or at most two pairs of slits in tunicates, called protostigma, which become definitive slits in taxa with few such slits (larvaceans and salps) or are repeatedly subdivided in tunicates with a more elaborate branchial filter and many slits (ascidians). In other words, where multiple slits are present, they are not part of an axially extended series as they are in amphioxus. In addition, from patterns of Hox gene expression, it is clear that opening of the atrium in tunicates also lies quite far forward, near the level of the anterior hindbrain (Lacalli 2005) , which accords with the idea that slit number is increased in tunicates by replicating the anterior-most members of the series, rather than by extending it caudally. It is therefore hard to see the forward shift of the visceral innervation in tunicates as anything other than a specialized condition, one in fact implying that ancestral tunicates may have been quite small organisms, as they are specialized in ways consistent with this supposition. If this is indeed the case, two options remain: ancestral vertebrates either had many gill slits as in amphioxus, which were then reduced, or they had a smaller number, closer to what we see in the various fossils pictured above.
Somatomotor pathways: why ventral roots?
A second neuroanatomical issue concerns the nature of dorsal and ventral pathways from the protochordate CNS and the relation these have to vertebrate dorsal and ventral roots. Given that the ventral pathway is exclusively associated with somatomotor (sm) innervation in amphioxus, the main Fig. 4 Tunicate visceral innervation. The top image is a section through the dorsal ganglion of a salp. The axons of the motoneurons (solid), which are now known from work on Ciona to be to be branchiovisceral homologs, project laterally and run beneath the epithelium to innervate the bands of muscle surrounding the pharynx. This raises the question of whether the peripheral nerves are dorsal or ventral root homologs. The lower image is a dorsal view of the larval nervous system in Ciona larva showing (boxed) the site from which the adult ganglion, or ''brain'' is derived after the larval components of the nervous system (meaning everything else) degenerates. Note that it is inappropriate to refer to the tail ganglion as a ''visceral'' ganglion (a terminology widespread in the literature) because it has no role in visceral innervation.
evolutionary question is whether the presence of sm nerves in the vertebrate cranial series necessarily means that head somites were present in ancestral vertebrates. In other words, have somatic motor nerves always and only been associated with somite derivatives? Dorsal spinal nerves in amphioxus, like the mixed cranial nerves in vertebrates, combine sensory and motor functions. Sm innervation is ventral, but the sm axons are confined within the cord, synapsing across the basal lamina to cellular extension from the myotomal muscle cells. This is a peculiar arrangement, but amphioxus is sufficiently small, and the myotome is so closely apposed to the nerve cord and notochord, that the distances involved are not great. Indeed, amphioxus locomotion appears to depend on an arrangement whereby the myotomes, notochord, and nerve cord are tightly bound together by a continuous sheath of connective tissue matrix to form a single functional unit. There are no gaps in the sheath surrounding the nerve cord through which nerves can leave except dorsally (Fig. 3) , via pathways established early in development by the first sensory nerves. The pioneering nerve fibers reach the cord by passing above the nascent somites. In the adult, the nerves pass between the somites in the intermyotomal septa, but this is a secondary condition resulting from the subsequent upward growth of the myotomes. All the peripheral nerves in amphioxus, whatever their targets, thus originate as dorsal roots. The question then is whether the ventrally directed axons of the sm neurons within the cord are restricted to innervating somites because this is the ancestral condition, as most proposals regarding somite evolution have assumed (Bardet et al. 2005 , Holland et al. 2008 , or in contrast, whether the complete enclosure of the cord by myotomes has blocked the innervation of other targets, not derived from somites, that sm nerves or their antecedents once innervated.
Tunicates are not particularly informative on this issue because their bvm and sm nerve homologs arise from separate parts of the nerve cord, and it is not easy even to determine if one is more dorsal than the other. Indeed, it is not yet clear whether this is a meaningful distinction in the tunicate CNS. The salp ganglion (Fig. 4) illustrates this: in this animal the neurons providing branchial and visceral innervation are lateral in position, and their axons pass out roughly midway between the top and bottom of the ganglion (Lacalli and Holland 1998) . Above the exit point are the cells of the eye rudiment and below are cells of unknown fate, not all of which are necessarily neurons. The peripheral nerves thus appear to be neither dorsal nor ventral in a conventional sense. Instead, they are roughly intermediate in position, but, because the ganglion projects above the level of the body, this is simply the most direct route into the CNS for any nerve fibers approaching it. Nothing is yet known in any detail about how patterns of innervation are established in these animals. Internal landmarks in the ganglion are probably involved, but the morphology suggests that the initial point of contact by pioneering fibers growing into the ganglion may be quite important. On a broader, phylogenetic scale, this implies a degree of flexibility and opportunism in the establishing points of nerve entry into, and exit from, the evolving CNS, and one can argue that the situation in amphioxus tends to confirm this. Pharyngeal slits, digestive tracts, and the nerves that supply both of these undoubtedly predate the origin of chordate somites, which implies that the restrictions the latter impose on patterns of peripheral nerve outgrowth are more recent.
What about the sm neurons themselves? We associate these in chordates with the innervation of somites or their derivatives, but sm neurons could predate somites and have been co-opted secondarily for their innervation. If so, they would once have had other targets. It is thus quite important to determine if sm-type neurons or their antecedents occur in hemichordates or echinoderms, and if so, what their targets are. Our understanding of the functional neuroanatomy of either group is unfortunately rather limited, particularly for hemichordates, despite their being the most promising outgroup for comparison with chordates. If, as above, pathways from the nerve cord are positioned more as a matter of convenience rather than being a fixed feature of cord architecture, it is easier to envisage an ancestral condition in which there are multiple routes out of the nerve cord, any one of which could have evolved into what we see today as the ventral somatomotor pathway. The problem with amphioxus is that all routes except the dorsal-most one are blocked by the myotome, so no evidence remains of any other routes to the periphery that may once have existed. The absence of true ventral roots in amphioxus may not therefore reflect the ancestral condition, which means we cannot rule out the possibility that there were once nonsomitic muscle blocks in the head that received sm-type innervation. If this were the case, the presence of the latter in the vertebrate head could be explained without recourse to ancestral, amphioxus-type head segments.
To explore this further, it is worth considering two ways that vertebrates and amphioxus differ. On one hand, vertebrates have a more elaborate skeletal support system to which the myotomes attach, rather than attaching directly to the notochord and nerve cord. Second, vertebrate embryos are much larger than their amphioxus counterparts (Fig. 5) . Given the size difference between the postembryonic stages, the amphioxus arrangement would not suit vertebrates, as it provides much less leverage about the central axis than does attachment to a skeleton. It is the larger size of vertebrate embryos and their prolonged period of development that makes such alternatives possible, e.g., in allowing for the evolution of the sclerotome and its derivatives. Consequently, the main components of the vertebrate locomotory system can be larger than in amphioxus, and have more time to form complex structures and associations before they have to function as a unitary whole. Sizeable zones of loose connective tissue are present, which permits the growth of nerves into the zone between the nerve cord and myotome. The neural crest is important, as it is a key occupant of this zone, where it participates in the formation of peripheral ganglia. Various suggestions have been made as to how the neural crest first evolved. What is perhaps less appreciated is that unless, and until, an amphioxus-type association between cord and somites was replaced by something less restrictive, the space required for the migration and condensation of neural crest cells would not have existed. There is, in other words, a linkage between increased egg size, embryo size, and the consequent delay in larval function, which provides both time and space for novel structures and associations between cells to evolve in vertebrates.
Inversion and asymmetry: tracking mouth migration
Although tracking evolutionary change among basal chordates is fraught with problems, the above analysis points up two potentially useful approaches. First, it is crucial to pay attention to the most relevant outgroup, amphioxus in the case of vertebrates, and (most likely) hemichordates in the case of amphioxus (Gerhart et al. 2005) . Second, as mentioned in the first section, it is useful to seek out evolutionary relicts, either of structures or physiological processes, where there is a prospect of confirming these as being ancestral rather than derived. Basically, as in the case of embryonic gill slits, one is looking for examples of recapitulation of one sort or another. To illustrate these two points, and to show that they are more than just arm-waving, I would like to cite an example where both come usefully into play. It is related to the evolution of the vertebrate head, although not specifically to head segmentation. I refer to the issue of dorsoventral inversion of chordates relative to other bilaterians, and the subsequent migration required of the mouth to move it to the new ventral surface of the body. The idea that chordates are dorsoventrally inverted relative to protostome invertebrates now has strong support from molecular data. Recent work on hemichordates indicates that the inversion happened, not at the base of the deuterostomes, but after the split between the ambulacraria [hemichordates þ echinoderms] and chordates (Lowe et al. 2006) . Not only are dorsal and ventral inverted between these groups, but left and right are also exchanged, just as one would predict (Hibino et al. 2006) .
This puts an entirely new twist on an old puzzle concerning amphioxus, the asymmetry of the mouth. Kuratani et al. (1998) ; both are to the same scale. The intent is to show both the difference in overall scale between protochordates and a typical lower vertebrate (with an amniote, the difference would be greater still). Further, the somites and nerve cord in vertebrates are separated by intervening regions of loose connective tissue, which is where neural crest derivatives like spinal ganglia develop. The evolution of the latter is contingent on the presence of such a space, which implies that neural crest evolved in an ancestor having both a longer embryonic period and larger embryos with more cells than modern protochordates have. Further, there would have had to have been a functional separation between the nerve cord and somites, if indeed these were ever as closely connected in the ancestors of vertebrates as they are today in amphioxus.
The larval mouth develops on the left side, while the gill slits are on the right (Fig. 6A ), but the latter are left gill slits not right ones. They subsequently shift position due to differential growth during the late larval phase, moving in a clockwise direction as seen from behind. They end up on the left, while a new series of right slits develops on the right. The ventral midline thus starts out also on the right (Lacalli 2008a) , as does the anus (Stokes and Holland 1995) . The movement of the mouth to the ventral midline is, in contrast, anticlockwise. All of this should, in principle, require a very complex process of positional specification and growth control, so as to move some ventral structures in different direction than others. Dorsoventral inversion makes everything much simpler. If the mouth was originally dorsal, as the inversion hypothesis requires, then its site of formation in amphioxus, on the left side, is part of an overall anticlockwise rotation of the whole of the dorsoventral patterning system. Thus, the initial sites of formation of the mouth and gill slits are shifted by essentially similar amounts, and in the same direction. The mouth continues to move in an anticlockwise direction, apparently independently of the symmetry-restoring clockwise shift in all the other pharyngeal landmarks. If this interpretation is correct, then the movement of the mouth, from the left side of the head to the ventral midline, is in effect a recapitulation of a past evolutionary change. Note that the main support for this proposal comes ultimately from comparative molecular analysis, which has established inversion as a convincing hypothesis, and especially from work on hemichordates, which are outgroup of choice in this instance. As an aside, note also that the above bears on the question of brain origins, since the brain in this scenario derives from an epithelial domain located either behind the mouth or around it (Fig. 6B) . One consequence of the latter is that the brain could only have coalesced and been internalized as a unitary structure after the mouth was moved out of the way, which suggests an epithelial brain may be an ancestral deuterostome feature. While this is all still hypothetical, it shows that there has been significant progress, if not towards an immediate solution, at Fig. 6 (A) A view from the back of the pharynx of an amphioxus larva toward the front. The mouth (m) is on the left, while the endostyle (en) develops far forward on the right. The initial series of pharyngeal slits, seen here on the right, are, in fact, left pharyngeal slits. These are later shifted to the left by differential growth while the right series develops just below the right peripharyngeal band (single arrow). Once this period of differential growth is completed, the line marked by double arrows will have been displaced to the ventral midline. The mouth is shifted to the ventral midline as well, moving in the opposite direction to the pharyngeal slits. The asymmetric larval condition is easily explained by a temporary suppression of growth in tissues on the right side, but only so long as one excludes the mouth, which is a complicating factor because it shifts in a direction opposite to everything else. However, if the chordate mouth were originally located dorsally, as required by the inversion hypothesis, rather than ventrally, the asymmetric condition is easily achieved by a simple anticlockwise rotation of the dorsoventral axis. The mouth is then brought down on the left while the rest of the pharynx is pushed up on the right. See Lacalli (2008a) for further discussion. (B) A schematic ancestral chordate after inversion, illustrating another consequence of the inversion hypothesis: the mouth, now dorsal, is on what was the ancestral (a-) ventral surface just forward of a region corresponding, according to gene expression studies, to the vertebrate mid-hindbrain boundary (shaded box). Hence the mouth (m) is surrounded by neural centers representing core parts of what will eventually become the forebrain and midbrain. For these to develop as a unitary structure, the mouth has to be shifted out of the way. Current data tends to support the idea that it moved down the left side of the head (arrow) during early chordate evolution, a shift which may today be reflected in the way the mouth moves during larval development in amphioxus. Modified from Lacalli (2008b) .
least towards a redefinition of the problem and, hence, a deeper understanding of its subtleties.
